8 (Si 2 O 7 ) 4 O 4 (OH) 4 F 3 À is triclinic, space group C1, a = 10.6965(7) Å , b = 13.7861(9) Å , c = 21.478(2) Å , a = 99.345(1)º, b = 92.315(2)º, g = 89.993(2)º, V = 3122.6(4) Å 3 , Z = 4, D calc. = 4.018 g cm
Introduction
CÁ MARAITE from the Verkhnee Espe deposit, Akjailyautas Mountains, Kazakhstan, was described as a new mineral by Sokolova et al. (2009a) . We will describe the crystal structure of cámaraite in accord with the work of Sokolova (2006) on titanium disilicate minerals. The structures of these minerals contain the TS (Ti-silicate) block, composed of a central trioctahedral (O) sheet and two adjacent heteropolyhedral (H) sheets of different polyhedra including (Si 2 O 7 ) groups. These minerals are divided into four groups, characterized by different topology and stereochemistry of the TS block. Each group of structures has a different linkage of H and O sheets in the TS block, and a different arrangement of Ti (= Ti + Nb) polyhedra. In a given structure, the TS block can alternate with another block, an intermediate (I) block, so called because it is intercalated between two TS blocks. In Groups I, II, III and IV, Ti equals 1, 2, 3 and 4 a.p.f.u. respectively. Based on the Ti content, Sokolova et al. (2009a) considered cámaraite as a Group-II mineral, i.e. Ti = 2 a.p.f.u. We will show that in cámaraite, the topology of the linkage between the H and O sheets corresponds to that of Group-II structures.
This paper presents the structure of the cámaraite as a continuation of our work on Ti-disilicate minerals with the TS block [delindeite , bornemanite , lomonosovite and murmanite (Cámara et al., 2008) , barytolamprophyllite (Sokolova and Cámara, 2008a) , mosandrite (Sokolova and Cámara, 2008b) , nabalamprophyllite (Sokolova and Hawthorne, 2008a) , nacareniobsite-(Ce) (Sokolova and Hawthorne, 2008b) , jinshajiangite (Sokolova et al., 2009b) ]. The site nomenclature is that of Sokolova (2006) .
Experimental details Transmission electron microscopy
Crystals of cámaraite can be inhomogeneous at a very localized scale due to variations in chemical composition. For better characterization of cámaraite crystals, we collected TEM data for additional crystals from the holotype specimen with a Philips CM20 transmission electron microscope working at 200 kV with an EDAX EDS system for chemical analysis in STEM mode. The instrument has a CCD camera for acquisition of images. Samples were oriented and embedded in epoxy, thinned and doubly polished. The thin slices were glued to copper rings and thinned using a Gatan Dual ion miller until transparent to electrons.
Data collection and crystal-structure ref|nement
A single crystal of cámaraite was mounted on a Bruker P4 diffractometer with a CCD 4K Smart detector and Mo-Ka radiation. The intensities of 28111 reflections were collected to 60º2y using 30 s per 0.2º frame, and an empirical absorption correction (SADABS, Sheldrick, 1998) was applied. The refined unit-cell parameters (Table 1) were obtained from 6045 reflections with I > 10s. The crystal structure of cámaraite was solved by direct methods with the Bruker SHELXTL Version 5.1 system of programs (Sheldrick, 1997) and refined in space group C1 to R 1 = 5.87% and a GoF of 1.178. As there were hardly any observed reflections at high 2y, refinement of the structure was based on the intensities of 6682 unique observed reflections (F o > 4sF) with À13 < h < 13, À 17 < k < 17, À27 < l < 27, 2y 455º. Scattering curves for neutral atoms were taken from the International Tables for Crystallography (1992) . Site occupancies for the M H sites were refined with the scattering curve of Ti. For the four M H sites, site occupancies converged to 1.0 (within the estimated standard deviation À esd) and they were fixed at that value. For the M O sites, occupied mainly by Fe 2+ and Mn, site occupancies were refined with the scattering curve of Fe; for the Iblock sites, site occupancies were refined with the scattering curves of Ba and Na. The A P (2) site occupancy was refined with the scattering curve of Ba and converged to 1.0 (within the esd) and the site occupancy was fixed at that value. Two sites, A P (4A) and A P (4B), are separated by 0.50À1.08 Å and can only be partly occupied. The A P (4A) and A P (4B) sites constitute the A P (4) site and we 856 refined their site occupancies with a constraint of equal displacement parameters. The crystal chemistry of the TS-block structures allowed us to identify possible monovalent anion sites in the structure of cámaraite, labelled X O A (1À4) and X P M (1À3). However, there was no indication that any of these anion sites is occupied solely by F. Therefore we assumed that 4 OH groups and 3 F atoms (see general formula above) are disordered over the X O A (1À4) and X P M (1À3) sites and included them in the refinement with a site occupancy of 8.42 e.p.f.u. [(468 + 369)/7] . At the last stages of the refinement, seven peaks with magnitudes from 3 to 6 e À were found in the difference-Fourier map, most of these peaks occurring in the vicinity (0.63À0.91 Å ) of the Ba-dominant A P (1À4) sites. Occupancies for these subsidiary peaks SP(1À7) were refined with the scattering curve of Ba (the heaviest scattering in the structure) and displacement parameters equal to those of the A P (1) site (which is fully occupied by Ba). Refined occupancies of these subsidiary sites vary from 1 to 5%, similar to site occupancies of subsidiary peaks in another Group-II mineral À jinshajiangite À where they vary from 2 to 10% (Sokolova et al. 2009b) . Details of the data collection and structure refinement are given in Table 1, final atom and  subsidiary-atomic parameters are given in Table 2 , selected interatomic distances and angles in Table 3 , refined site-scattering values and assigned populations for selected sites in Table 4 , and bondvalence values in Table 5 . Lists of observed and calculated structure factors have been deposited with the Principal Editor of Mineralogical Magazine and are available from www.minersoc. org/pages/e_journals/dep_mat_mm.html.
Site-population assignment
The refined site-scattering values at the eight M O sites are equal within their assigned standard deviations (Table 4) , and provide no information with regard to site populations. The <M O Àj> distances (j = the unspecified anion, O, OH, F) À0.000 (2) 0.002 (2) 0.0163 (12) O (3) 0.1326 (6) 0.3953 (5) 0.5851 (3) 0.011 (3) 0.027 (3) 0.014 (3) 0.002 (3) À0.004 (2) À0.005 (2) 0.0174 (13) O (4) 0.1827 (6) 0.9762 (4) 0.4038 (3) 0.017 (3) 0.013 (3) 0.017 (3) 0.001 (2) 0.001 (2) 0.002 (2) 0.0156 (12) O (5) 0.2705 (5) 0.6668 (4) 0.6924 (3) 0.008 (2) 0.011 (3) 0.007 (3) 0.003 (2) 0.000 (2) À0.001 (2) 0.0082 (10) O (6) 0.3671 (5) 0.8528 (5) 0.4148 (3) 0.008 (3) 0.027 (3) 0.011 (3) 0.001 (2) À0.004 (2) 0.006 (2) 0.0157 (12) O (7) 0.1267 (6) 0.8021 (5) 0.4157 (3) 0.012 (3) 0.028 (3) 0.013 (3) 0.003 (3) À0.001 (2) À0.002 (2) 0.0177 (13) O (8) 0.0070 (6) 0.2758 (5) 0.0986 (3) 0.013 (3) 0.024 (3) 0.018 (3) À0.003 (3) 0.004 (2) À0.004 (2) 0.0192 (13) O (9) 0.2659 (6) 0.8198 (5) 1.0919 (3) 0.012 (3) 0.032 (4) 0.014 (3) 0.003 (3) 0.001 (2) 0.004 (3) 0.0194 (13) O ( 0.0173 (13) O (12) 0.2350 (6) 0.0255 (5) 0.9066 (3) 0.014 (3) 0.027 (3) 0.017 (3) 0.004 (3) 0.000 (2) À0.003 (3) 0.0192 (13) O (13) 0.1136 (5) 0.9481 (4) 0.7954 (3) 0.014 (3) 0.017 (3) 0.005 (3) 0.003 (2) 0.001 (2) 0.001 (2) 0.0119 (11) O (14) 0.0064 (5) 0.0201 (5) 0.0981 (3) 0.007 (3) 0.032 (4) 0.016 (3) 0.007 (3) 0.006 (2) 0.008 (2) 0.0176 (13) O ( À0.000 (2) À0.002 (2) À0.002 (2) 0.0108 (11) O (16) 0.2415 (5) 0.2225 (5) 0.9005 (3) 0.008 (3) 0.031 (4) 0.017 (3) À0.005 (3) À0.005 (2) 0.004 (2) 0.0200 (14) O (17) À0.0004 (6) 0.1800 (5) 0.9064 (3) 0.011 (3) 0.029 (4) 0.014 (3) À0.001 (3) 0.001 (2) À0.005 (2) 0.0187 (13) O (18) 0.0553 (6) 0.3478 (4) 0.8856 (3) 0.020 (3) 0.014 (3) 0.016 (3) 0.003 (2) 0.002 (2) 0.000 (2) 0.0164 (12) O (19) 0.2595 (6) 0.0199 (5) 1.0965 (3) 0.013 (3) 0.032 (4) 0.017 (3) 0.011 (3) À0.005 (2) À0.008 (3) 0.0200 (14) O (20) 0.5013 (6) 0.0276 (5) 0.9076 (3) 0.011 (3) 0.026 (3) 0.018 (3) 0.002 (3) À0.002 (2) 0.003 (2) 0.0189 (13) O (21) 0.6052 (5) 0.9498 (4) 0.7955 (3) 0.011 (3) 0.012 (3) 0.008 (3) 0.006 (2) À0.002 (2) 0.002 (2) 0.0101 (11) O (22) 0.3812 (5) 0.8948 (5) 0.5850 (3) 0.010 (3) 0.028 (3) 0.015 (3) 0.006 (3) 0.001 (2) 0.006 (2) 0.0174 (13) O (23) 0.2611 (5) 0.9298 (4) 0.6928 (3) 0.009 (3) 0.012 (3) 0.009 (3) 0.000 (2) 0.001 (2) 0.001 (2) 0.0099 (11) O (24) 0.1414 (6) 0.8439 (5) 0.5844 (3) 0.013 (3) 0.022 (3) 0.013 (3) À0.001 (2) 0.003 (2) 0.000 (2) 0.0161 (12) O (25) 0.1985 (6) 0.0251 (5) 0.5971 (3) 0.018 (3) 0.016 (3) 0.016 (3) 0.001 (2) 0.001 (2) 0.001 (2) 0.0167 (12) O ( (16) 1.588(6) Si(3)ÀO(9)r 1.617(7) Si(4)ÀO (13) 1.622(6) Si(5)ÀO (17) 1.616(6) Si(3)ÀO (10) 1.617(6) Si(4)ÀO(12)a 1.623 (7) Si (5)ÀO (15) 1.633(6) Si(3)ÀO (11) In cámaraite, there are six peripheral sites, A P (1À4) and B P (1,2). The numbers of A P (1), A P (2), A P (3) and A P (4) sites in the formula unit are 1, 1, 0.50 and 1 respectively (Table 3 ). The A P (4) site splits into two sites, A P (4A) and A P (4B), with separations A P (4A)ÀA P (4A)' = 1.08 Å , A P (4B)ÀA P (4B)' = 0.50 Å (Table 3 ) and A P (4A)ÀA P (4B) = 0.57 and 0.61 Å (Table 3) . Therefore, four positions at the A P (4) site form a quadruplet where any position is surrounded by three positions at short distances of 0.5 to 1.08 Å (Table 3) . Hence, the A P (4A) and A P (4B) sites can be only 25% occupied and the A P (4) site can be only 50% occupied. The resulting number of A P cations is 1 + 1 + 0.50 + 0.5 = 3.0 a.p.f.u. The cations to be assigned to the A P and B P are Ba, K, Na and Ca [table 1 in (Sokolova et al. 2009a) ]. The <A P ÀO> and <B P ÀO> distances are within the ranges 2.898À3.06 and 2.626À2.629 Å respectively. On the basis of their relative cation radii (Shannon, 1976) , Ba and K were assigned to a: x, y+1, z; b: Àx+¯Ù˜, Ày+¯Ù˜, Àz+1; c: x+Ý, yÀÝ, z; d: Àx+¯Ù˜, Ày+Ý, Àz+1; e: Àx+1, Ày+1, Àz+1; f: xÀÝ, yÀÝ, z; g: x, yÀ1, z; h: x+Ý, y+Ý, z; i: Àx+Ý, Ày+¯Ù˜, Àz+1; j: Àx+2, Ày+1, Àz+1; k: Àx, Ày+1, Àz+1; l: x, y, zÀ1; m: x, y+1, zÀ1; n: Àx+Ý, Ày+Ý, Àz+1; o: Àx, Ày+1, Àz+1; p: xÀÝ, y+Ý, z; r: Àx+Ý, Ày+¯Ù˜, Àz+2; s: Àx+1, Ày+1, Àz+2; t: x+Ý, yÀÝ, z+1; u: Àx+ 3 / 2 , Ày+Ý, Àz+2; v: x+1, y, z; w: x+1, y, z+1; x: Àx, Ày+1, Àz; y: Àx, Ày, Àz; z: Àx, Ày, Àz+1 the A P sites, and Na and minor Ca were assigned to the B P sites, and the resulting aggregate sitepopulations are in accord with the aggregate refined site-scattering values (Table 4) . At the A P sites, the maximum refined site-scattering values are at the A P (1) and A P (2) sites: 55.4 and 56 e.p.f.u. (Table 4) for a site multiplicity of 1; thus we assign these sites as filled completely with Ba. This leaves three species, Ba, K and &, to be assigned to the A P (3) and A P (4) sites. The refined site-scattering values indicate that Ba is dominant at A P (3). The site scattering at the A P (4A) and A P (4B) sites are 12.8(4) and 5.5(4) e.p.f.u., the A P (4A) and A P (4B) sites can be only 25% occupied (see discussion above), and therefore we assign 0.75 & + 0.25 Ba to the A P (4A) site and 0.80 & + 0.20 K to the A P (4B) site (Table 4 ).
The refined site-scattering values at the B P sites indicate identical occupancies, and Na and Ca were assigned on this basis (Table 5) .
Description of the structure Cation sites
We divide the cation sites into three groups: M O sites of the O sheet, M H and Si sites of the H sheet, and peripheral A P and B P sites which constitute the I block. Also in accord with Sokolova (2006) , we label specific anions X the composition of each structural fragment within a planar cell that is double (on each axis) the planar cell common to Ti-disilicate minerals with the TS block: a planar cell is based on translation vectors t 1 and t 2 with t 1~5 .5 and t 2~7 Å and t 1^t2 close to 90º (Sokolova, 2006) ; the double planar cell for cámaraite is based on translation vectors, 2t 1 and 2t 2 , and was chosen in order to facilitate comparison with other Group II minerals.
O sheet
There (Table 3 ). There are eight tetrahedrally coordinated Si sites occupied solely by Si, with <SiÀO> = 1.621 Å (Table 4) . The cations of the two H sheets give Ti 4 Si 8 p.f.u.
Peripheral sites
In the cámaraite structure, there are six peripheral sites, 46A P and 26B (Tables 3, 4) . The total content of four A P sites sums to~3 a.p.f.u.: Ba 2.61 K 0.34 , ideally 3 Ba p.f.u.
The two B P sites are occupied by Na and minor Ca, in accord with the observed site-scattering values (Table 4 ). The two B P sites are coordinated by eight O atoms and two monovalent X P M anions. For the B P (1) and B P (2) sites, the mean distances are 2.629 and 2.626 Å respectively (Table 3 ). The total content of the two B P sites is Na 0.86 Ca 0.14 (Table 4) , ideally 1 Na p.f.u., and the total content of the peripheral sites is Ba 3 Na p.f.u.
Anion considerations
There are 28 anion sites, O(1)ÀO (28), that coordinate the Si sites and they are occupied by O atoms (Table 5) Table 5 shows that these seven anions receive bond valences of 1.12À1.29 v.u. (valence unit) and hence are monovalent anions. Chemical analysis gives F = 3.11 a.p.f.u. (table 1, Sokolova et al., 2009a) , and 3.89 OH p.f.u. are required to fill the seven monovalent anion sites. We assign (OH) 3.89 F 3.11 , ideally (OH) 4 F 3 , to these seven sites. Thus, the composition of a monovalent anion site is ideally (OH) 4/7 F 3/7 .
We write the anion part of the formula as the sum of: (1) (Si 2 O 7 ) 4 O 4 (OH) 4 F 3 , Z = 4. This formula is in accord with the simplified formula given in Sokolova et al. (2009a) .
Topology of the structure
In the structure of cámaraite, the M O (1À8) octahedra form a close-packed octahedral (O) sheet (Fig. 1a) . In the H sheet, (SiO 4 ) tetrahedra link via common vertices to form (Si 2 O 7 ) groups that are oriented along b (Fig. 1b,c) . The (Si 2 O 7 ) groups and M H octahedra share common vertices to form the H sheet. The H 1 sheet consists of M H (1) and M H (2) octahedra and two independent (Si 2 O 7 ) groups, with Si(3), Si(4) and Si(5), Si(6) central atoms respectively (Fig. 1b) . The H 2 sheet consists of M H (3) and M H (4) octahedra and two independent (Si 2 O 7 ) groups, with Si(1), Si(2) and Si(7), Si(8) central atoms respectively (Fig. 1c) . The two H sheets are topologically identical except for the peripheral (P) sites. In the H 1 sheet, Ba atoms occur at the A P (1) and A P (2) sites (Fig. 1b) . In the H 2 sheet, Ba and K atoms occur at the A P (3) and A P (4) sites in large voids and Na and Ca atoms occur at the B P (1) and B P (2) sites in small voids (Fig. 1c ). An O sheet and two adjacent H sheets link through common vertices of (SiO 4 ) tetrahedra and M H and M O octahedra to form an HOH block parallel to (001) (Fig. 1d) . In the TS block, (Si 2 O 7 ) groups link to two M O octahedra of the O sheet adjacent along b, as in Group II of Sokolova (2006) . In cámaraite, there are two intermediate (I) blocks. The I 1 block comprises cations at the A P (1) and A P (2) sites which form a close-packed layer (Fig. 1e) . The I 2 block is composed of cations at the A P (3,4) and B P (1,2) sites which also form a close-packed layer (Fig. 1f) . In cámaraite, TS blocks connect to each other in two different ways along [001] (Fig. 2a) :
(1) they link through common vertices of M H octahedra [which are monovalent anions (OH, F)] plus peripheral cations at the A P and B P sites constituting the I 2 block;
(2) they link via peripheral cations at the A P (1) and A P (2) sites which constitute the I 1 block and hydrogen bonds between OH groups at the X P M (1,2) sites and O atoms in the H 1 sheets.
Related minerals
There are seven other minerals in Group II: perraultite, jinshajiangite, bafertisite, hejtmanite, yoshimuraite, bussenite and surkhobite, and they Table 4. are listed in Table 6 . Except for bussenite, these minerals contain an invariant core of the TS block, M Cámaraite is the only mineral of Group II with two types of linkage of TS blocks and two types of I block in its structure. Compare cámaraite and the two Fe 2+ -dominant minerals of Group II, bafertisite and jinshajiangite. There are two types of I block in cámaraite, I 1 and I 2 . The I 1 block is of composition A P (1) + A P (2) 2 = Ba 2 and is topologically and chemically identical to the I block (Ba 2 ) in bafertisite (Fig. 2b) . In cámaraite (Fig. 2a) and bafertisite (Fig. 2b) , TS blocks link through Ba atoms of the I block plus hydrogen bonding. The I 2 block in cámaraite is of composition A P (3,4) + B P (1,2) = BaNa and is topologically and chemically identical to the I block (BaNa) in jinshajiangite (Fig. 2c) . In cámaraite (Fig. 2a) and jinshajiangite (Fig. 2c) The crystal structure of cámaraite confirms that prediction. We can write the formula of cámaraite TABLE 6. Ideal structural formulae and unit-cell parameters for Group II minerals with the TS block. This formula is taken from Rastvetaeva et al. (2008) , the ideal structural formula of surkhobite corresponds to that of perraultite. References 
{
The latest reference on the structure is the first entry in the numbered list of references.
as the sum of the formulae for jinshajiangite and bafertisite: BaNaTi Figure 3 shows a high-resolution image of a bafertisite-rich zone of cámaraite. The upper right inset shows the selected-area electron-diffraction (SAED) pattern oriented down the [110] direction in a bafertisite area. Stacking disorder at a very local scale can be observed where alternation of TS blocks associated with locally Ba-rich or (BaNa)-rich layers builds bafertisite or cámaraite. In other zones, increased Na leads to intergrowths of jinshagiangite and cámaraite (Sokolova et al. 2009a, fig. 2a ). Figure 3 also shows that more complex Cam-Baf-Cam-Baf sequences (Cam = cámaraite, Baf = bafertisite) also occur, corresponding to alternation of I blocks such as I Cam À I Baf À I Cam À I Baf À I Baf À I Cam À I Cam . This shows that there is no solid solution between the three minerals, as change in composition leads to change in stacking sequences and different topologies. HRTEM data also explain the presence of subsidiary peaks in the electron density map for the cámaraite structure (see discussion above). The I 1 and I 2 blocks in cámaraite are of composition Ba 2 and BaNa, respectively, and they are topologically and chemically identical to the I blocks in bafertisite and jinshajiangite. In cámaraite, TS blocks link (1) through Ba atoms of the I block plus hydrogen bonding as in bafertisite, and (2) via common vertices of M H octahedra (as in astrophyllite-group minerals) and Ba and Na atoms as in jinshajiangite.
Summary

